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I. Introduction

T HIS Note reports the results of an experimental study of active

flow control of boundary-layer separation with a novel phased-

array dielectric barrier discharge (DBD) plasma actuator. The flow of

interest is flow over the suction surface of a low-pressure turbine

(LPT) airfoil: specifically, the “Pak-B” airfoil that was the subject of

many prior studies (e.g., [1]).
Typically, the LPT airfoil boundary layers are turbulent and fully

attached at sea-level takeoff conditions; whereas at cruise conditions,

a substantial fraction of the boundary layers may be transitional

because the Reynolds number is low due to the lower density at

altitude [2]. The strong adverse pressure gradients on the suction side

of these airfoils can lead to boundary-layer separation. Large

separation bubbles, particularly those that fail to reattach, cause a

significant degradation of engine efficiency [2–4]. A component

efficiency drop on the order of 2% may occur between takeoff and

cruise conditions for large commercial transport engines and 7% for

smaller engines at higher altitude; hence, there is a large benefit in

mitigating the separation.
LPT flows are unique, being characterized by a low Reynolds

number, high levels of freestream turbulence, and passing wakes. As

studied in [5–7], there is an intricate interplay between separation and

transition. Transitionmay begin before or after separation, depending

on the pressure distribution, Reynolds number, and other flow

conditions. If the transition occurs early in the boundary layer, then

separation may be reduced or completely eliminated. Transition in

the shear layer of a separation bubble can lead to rapid reattachment.

This suggests using flow control mechanisms to trigger and enhance

early transition, leading to separation delay or elimination.
A review of flow control in fluid mechanics was provided by Gad-

el-Hak [8]. A recent comprehensive review by Tiainen et al. [9] was

motivated by separation control in compressors. Overviews of

separation control specific to the LPTwere included by Volino [10]

and Sondergaard [11]. The techniques included passive approaches

[11–13] and active approaches employing steady and pulsed vortex-

generating jets [10,11,14–20]. Passive devices optimized for

separation control at lowReynolds numbers tended to increase losses

at high Reynolds numbers [10]. Active devices had the attractive
feature that they could be used only when needed and would not
affect the flow when turned off.

was well summarized in a series of review papers [21–28]. Initially,
the actuators were named glow discharge actuators [29] but, later on,
Enloe et al. [30] identified the underlying physical mechanisms as
DBD. As time progressed, the term AC-DBD (for alternating current
DBD) was coined for actuators operating typically in the 1–20 kHz
range and provide a control mechanism by generating momentum
with little heating, whereas the termNS-DBD (for nanosecondDBD)
was used for actuators operating with repetitive short nanosecond-
scale pulses that provide control via intense localized heating (but
could also generate momentum) [31–33]. DBD actuators are purely
electronic surface-mounted devices, and therefore have advantages
over jet actuators.
The majority of studies on DBD flow control in the literature were

focused on external flows, and only a relatively small number of
experimental studies employing AC-DBD actuators targeted LPT
separation. Several experiments were performed in single-passage
facilities that simulated LPTairfoils. Boxx et al. [34] used a flat plate
subject to an imposed pressure gradient. Burman et al. [35,36] used a
single Pak-B passage with and without passing wakes. Matsunuma
and Segawa [37] and Pescini et al. [38] used curved walls that
produced representative LPT pressure distribution. Studies in linear
cascade facilities were performed by List et al. [39] in a Langston
airfoil cascade (not LPT), and Huang et al. [40,41] performed
extensive studies in a Pak-B LPTairfoil cascade and compared them
to vortex generators.Marks et al. [42] performedwind-tunnel tests on
an Eppler 387 airfoil and compared three AC-DBD actuator
topologies. Although itwas awing airfoil, it exhibited low-Reynolds-
number separation at midchord, which was similar to the LPT.
In the work reported here, we use a unique phased-array plasma

actuator for which the design follows the novel idea of Corke and
Matlis [43]. It is an AC-DBD actuator, constructed of several pairs of
individual electrodes, that generates travelling waves without the
need to individually control each electrode pair. Travelling wave
actuators were used in [44–46], and they involved powering and
synchronizing several individual electrode pairs. In contrast, the
present arrangement uses detuned signals applied to each electrode
pair and naturally generates a travelling discharge wave with a beat
frequency that is in the frequency range of Kelvin–Helmholtz
instability waves in the shear layer of the separated region. Excitation
of the instability waves results in the flow control mechanism that
suppresses the separation. Corke and Matlis, in [43], fabricated a
phased-array actuator and provided a proof of concept, and they
demonstrated a cylindrical version of the actuator to control
instability modes in a circular jet. Post [47] later showed that an
asymmetric configuration improved on the symmetric configuration
used in [43]. To our knowledge, this actuator type was not further
used since then, and the work reported here is the first to employ the
phased-array actuator for active flow control of a separated boundary
layer [48].

II. Experimental Setup

The experiments were conducted in a low-speed recirculating
wind tunnel. It was used in earlier studies [6,49]. A two-dimensional
contoured surface on the upper wall induced the desired Pak-B
suction surface pressure gradient on an acrylic flat plate mounted in
the test section (Fig. 1). A streamwise section of length Ls �
207.55 mm on the flat test surface simulated the airfoil suction

Our focus is on active flow control employing dielectric barrier
discharge (DBD) plasma actuators, which are now a well-known
technology thatwas extensively studied in the recent 15–20 years and
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surface, as in [6]. Turbulence grids established the turbulence
intensity (TI) to about 0.2 and 2.5%,measured in the test section inlet

and normalized with the exit velocity. The high-TI case represents a
realistic value of TI in LPTs, whichwas reported to be as low as about
3% [50]. The experimental setup was described in detail in [51]; the

following subsections provide a brief summary.

A. Actuator

A phased-plasma-array actuator, similar to [43] but with

asymmetric and offset electrode pairs (Fig. 2), was surface flush
mounted just upstream of the separation point. The actuator was
fabricated using printed-circuit-board technology; five of its seven

spanwise-oriented electrode pairs were used. The top electrodes
were, in turn, fed a sequence of (positive) pulses with a repeat rate of
ft � 4 kHz. The common bottom electrodeswere fed a pulse train of

opposite polarity (negative) with a slightly different repeat rate fb.
The frequency difference (or detuning) ofΔf � ft − fb gave rise to

the beat frequency of theDBDplasma.A negativeΔf value indicated
that the plasma formed sequentially and repeatedly in the downstream
direction, and a positive value yielded propagation in the upstream
direction. The voltage difference across an active electrode pair was
3.84 kV. Figure 3 shows a schematic of the electric setup.An image of
an operating actuator is shown in Fig. 4. The visible purple strips next
to electrodes are the plasma discharges. If this setup was operating in
the wind tunnel, the flow would be from right to left.

B. Instrumentation

The flat plate had 45 static pressure taps, and a pitot tube was used
to obtain the exit velocity. A Scanivalve Corporation 48-port J-type
multiplexer was used with selective connections to two Druck (LPM
9381) differential pressure transducers of �0.1 kPa and �1 kPa
ranges, respectively. The constant temperature anemometry (CTA)
system used was A. A. Lab Systems AN-1003 with a 5 μm-diameter
platinumwire. At eachmeasurement location, 53 s-long time records
were acquired, consisting of just over one million (1;048;576 � 220)
data points collected at a 20 kHz sampling rate and using an
antialiasing 8.3 kHz low-pass filter. An analog fiber-optic link (A. A.
Lab Systems AFL-500) and an isolation transformer for the CTA
system power supply were used for electric isolation.

C. Error Estimates

The uncertainty in mean and fluctuating velocities is 5%, which is
primarily due to the bias error resulting from calibration uncertainty;
see [6], which used a similar setup and system. Note that the velocity
error is 0.5% for the Dantec jet calibrator used to calibrate the hotwire,

Fig. 1 Schematic of the test section; Ls � 208 mm.

Fig. 2 Actuator design: a) top and bottom views; corners at figure center are the same flow direction from bottom to top, and b) detailed view of two
electrode-pairs showing the offset. Dimensions are in inches.

Fig. 3 Actuator and high-voltage driver system schematic (PCI, peripheral component interconnect; GPIB, general purpose interface bus).
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the AN-1003 adds a voltage error of less than 0.1%, and 16-bit analog-
to-digital conversion errors are made insignificant by signal pregain
optimization. Essentially, the curve fit defining the calibration is the
main source of the uncertainty. The Druck transducer’s accuracy is a
low 0.1% of full scale; hence, the uncertainty in the Cp values should
not exceed 2% under the assumption that the transducers are not
operated below one-tenth of its full-scale range (therefore, two
transducers with different ranges were used).

III. Results and Interpretation

A. Pressure Measurements of the Base Flow (Plasma Off)

Streamwise pressure profiles for Reynolds numbersRe (based on
Ls and the exit velocity) of 50,000, 100,000, 200,000, and 300,000
are shown in Fig. 5 along with the expected profile for the Pak-B
airfoil. The pressure coefficients Cp, were computed from static
pressuremeasurements using the exit velocity. The pressure profiles
upstream of the throat were in good agreement with the Pak-B
profile for all cases. Downstream, the agreement was good for the
high-Reynolds-number Re, high-TI cases. At the lower Reynolds
numbers, the Cp values indicated separation. At low TI and
Re � 50;000, the boundary layer might not be fully reattached at
s∕Ls � 1, which is the end of the modeled airfoil.

B. Pressure Measurements with DBD Plasma Actuation Turned On

Figure 6 shows the impact on the Cp profile by operating the
actuator with a typical Δf � −49 Hz for Re � 50;000 at low and
highTIs. The horizontal line in Fig. 6a indicates the actuator location,
and the dashes above this line show the location of the upper

electrodes. The plasma discharge forms at the downstream edge of
these. As can be seen in the low-TI case (Fig. 6a), the separated region
is reduced and the theoretical profile is recovered before the end of the
modeled airfoil. In the high-TI case (Fig. 6b), the reduction of the
separation is much less drastic; but, even here, an improvement can
be seen.
The results were very similar for forcing frequencies jΔfj between

roughly 30 to 150 Hz. The corresponding frequency parameter F�
(jΔfj scaled with the suction surface distance between the pressure
minimum and the trailing edge of themodeled airfoil and the nominal
exit velocity) was about 0.6 to 3. The effectiveness was rather flat in
this range and then gradually dropped off; it was still effective, but
much less so, down to 10 Hz and up to 200 Hz. The sign of the delta
frequency turned out not to change the effectiveness of the actuator.

Fig. 5 Cp profiles: a) low TI and b) high TI; Re � 50;0000 (square),
100,000 (circle), 200,000 (triangle), and 300,000 (plus).

Fig. 6 Cp profiles: a) lowTI, andb) highTI; actuator off (square) andon

(circle).

Fig. 4 Operating actuator: long exposure capturing two consecutive
discharges.

Fig. 7 Cp profiles with low TI: a) Δf � −101 Hz and Re � 100;000,
and b) Δf � −199 Hz and Re � 200;000; actuator off (square) and on
(circle).
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That is, plasma forming sequentially in the upstream direction
worked as well as in the downstream direction. This led to the
conclusions that the effect was due to the forcing frequency and the
direction of the oscillatory momentum input was immaterial.
Figure 7 shows the effect of operating the actuator for low TI and

Re � 100;000 and 200,000 at Δf � −101.36 Hz and −199.16 Hz,
respectively (resulting inF� close to the cases in Fig. 6). The effect of
the actuator here is also to reduce the separated region. In the
Re � 200;000 case, the unforced flow is nearly fully attached and the
effect of the actuator is minimal.
The results indicate that the actuatorworks by promoting transition

in the shear layer of the separation bubble, which then leads to earlier
reattachment. This conclusion is further supported by the hot-wire
measurements described next.

C. Hot-Wire Measurements

The mean streamwise velocity and streamwise fluctuating profiles
are shown in Fig. 8 for stations 9–13 (coordinates listed in Table 1) for
the low-TI Re � 50;000 case. Near-wall corrections of the hot-wire
measurements were not made because the focus was on studying the
effectiveness of the approach.
In the case of the actuator turned off, Fig. 8a (squares) shows that

the boundary layer is clearly separated at stations 9 and 10 and that
the separation bubble is growing. At stations 11 and 12, the low but
nonzero velocities near the wall indicate that the boundary layer is
beginning to reattach, although it may be intermittent. At station 13,
representing the end of the simulated airfoil, the boundary layer
is reattached. The corresponding fluctuating velocity profiles
(squares) in Fig. 8b show very low turbulence at stations 9 and 10,
with a slight increase inURMS just above the separation bubble. The
URMS fluctuations continue to grow in the shear layer over the
separation bubble at stations 9 through 12. The URMS level is still
very low inside the bubble at stations 9 and 10, indicating that the
flow is largely stagnant in this region. At station 11, significant
URMS fluctuations also begin to appear near the wall. This indicates
that the boundary layer is starting to reattach. The fluctuations are
also extending farther from the wall toward the freestream. By the
last station, theURMS profile shows significant fluctuations starting
near the wall and well out into the freestream, indicating that
transition in the shear layer over the separation bubble has
reattached the flow.
When the actuator is turned on, Fig. 8 (circles) shows that

reattachment starts already at station 9 and is completed by station 11.
The separation bubble is thus much shorter and thinner. Consistent

with this picture, significant unsteady fluctuations now also occur

near the wall and well out into the freestream already at station 11.

The broadening of the peak in theURMS distribution toward the wall

from stations 11 through 13 indicates that an attached turbulent or

transitional boundary layer is developing.
The velocity profiles for the high-TI Re � 50;000 case are shown

in Fig. 9. With the actuator off (squares), the boundary layer is

separated at stations 9 and 10 but the thickness of the separation

bubble is only about half that of the corresponding low-TI case at

station 9.At station 11, the boundary layer has just reattached, and the

profile shape recovers to that of an attached turbulent boundary layer

through stations 12 and 13. In the corresponding low-TI case,

reattachment does not occur until station 13. At station 9, the URMS

profile shows a pronounced peak at the location of the maximum

shear of the mean profile, i.e., in the shear layer over the separation

bubble. This peak spreads toward the wall as the flow reattaches.
With the actuator turned on (circles), Fig. 9 shows that the

reattachment process is moderately accelerated as compared towhen

it is off. However, the profiles at the last station are quite similar. This

suggests that the actuator is most effective in modifying the flow in

the shear layer above the separation bubble and that it has limited

(if any) further effect once the flow has reattached.
Figures 10 and 11 show the evolution of the U 0 power spectral

densities at the locations of maximum URMS. Figure 10a is for

Re � 50;000, low TI, and the actuator turned off. The front curve

(station 9) shows that the fluctuations mainly occur at very low

Table 1 Station locations

Station no. s∕Ls

1 0.28
2 0.33
3 0.39
4 0.45
5 0.51
6 0.57
7 0.63
8 0.69
9 0.75
10 0.81
11 0.88
12 0.94
13 1.00
14 1.06

Fig. 8 Profiles for low-TI Re � 50;000 case: a) mean velocity and b) URMS; actuator off (square) and on (circle).
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frequencies and in a band centered about 125Hz,with the latter due to
shear layer instability. At higher frequencies, the magnitude is still
low, indicating that the flow is not yet turbulent. At station 10, the
shear layer instability increases in magnitude, significant higher
harmonics are generated, and the shear layer is in late stages of
transition. Between stations 10 and 11, there is a sudden jump
to higher levels at higher frequencies, indicating a transition to

turbulence. Thus, the shear layer is turbulent at stations 11 and 12.
The curve for the last station 13, in combination with the
corresponding results in Fig. 8, indicates reattached turbulent flow.
Figure 10b is with the actuator turned on. Distinct peaks at the

unsteady forcing frequency and its harmonics can be seen in the curve
for station 9. The overall shape of the curve is also of a turbulent
nature. This suggests that the effect of the actuator is to have nearly,

Fig. 9 Profiles for high-TI Re � 50;000 case: a) mean velocity, and b) URMS; actuator off (square) and on (circle).

Fig. 10 U 0 power spectrum densities (PSDs) at locations of maximum
URMS at stations 9–13 for low-TI Re � 50;000 case: a) actuator off, and
b) actuator on.

Fig. 11 U 0 power spectrum densities at locations of maximum URMS at

stations 9–13 for high-TI Re � 50;000 case: a) actuator off, and
b) actuator on.
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if not already, transitioned the shear layer flow to turbulence at this
station. At station 10, the increased level at the higher frequencies
clearly indicates that the shear layer now is turbulent. The effective
range of forcing frequencies noted in the previous subsection can now
be understood in terms of the frequency band for instability waves in
the separated shear layer. The later curves, in combination with the
corresponding results in Fig. 9, indicate reattached turbulent flow at
stations 11–13.
Figure 11a is for Re � 50;000, high TI, and the actuator turned off.

Comparing to Fig. 10, there is considerablymore fluctuation energy in
the high-TI case at the first station than in the low-TI case. This energy
is induced by the freestream over all frequencies, with no frequency
spikes, but with lower frequencies more successful in penetrating the
upstreamboundary layer. This penetration, known tobe inducedby the
freestream fluctuations [52–54] and detectable by a near-wall peak in
the URMS distribution, occurs already at the stations upstream of the
ones presented here. Volino andHultgren [6] documented the slow but
steady growth of these low-frequency disturbances through the
favorable pressure gradient region upstream of the boundary-layer
separation location, as well as their movement away from thewall and
into the still laminar shear layer over the separation bubble. The later
curves in Fig. 11a show no amplification of select instabilities as in
Fig. 10a, but rather a rising energy level across the entire spectrum as
transition proceeds. This indicates that transition occurs through a
bypassmode rather than the breakdownof the instabilitywaves seen in
the low-TI case [6,53]. Downstream of transition, the spectra for the
low- and high-TI cases are essentially the same.
Figure 11b is with the actuator on. The level at higher frequencies

is increased at station 9 as compared to the unforced case in Fig. 11a,
indicating that using the actuator accelerates the transition process.
The curves at the last three stations are very similar for both cases in
this figure, indicating the limited further effect of the forcing once
transition to turbulence occurs.

IV. Conclusions

The effectiveness of active flow control of boundary-layer
separation using a phased-array dielectric barrier discharge (DBD)
plasma actuator has been documented under Reynolds number
and pressure gradient conditions typical of low-pressure turbine
airfoils. The results of pressure, velocity, fluctuation, and spectra
measurements complemented each other, were mutually consistent,
and enabled interpretation and identification of the flow control
mechanisms, suggesting that the actuator worked by promoting early
transition in the shear layer above the separation bubble, thus leading
to rapid reattachment. The actuator was effective in a frequency band
corresponding to the range of instability waves in the separated shear
layer. It was particularly effective under low freestream turbulence
conditions in which the boundary layer was laminar at separation.
It also accelerated transition and subsequent reattachment under
high freestream turbulence conditions in which the pretransitional
boundary layer separated at about the same location as in the low
freestream turbulence case and the shear layer transition occurred
through a bypass mode. Comparisons to the cited experiments
performed with standard AC-DBD actuators or to other active
methods would have been desirable, but were not possible, because
those tests were made at different Reynolds numbers Re, TIs,
or geometries. In addition, meaningful actuator effectiveness
comparisons should bemade at the same power consumption, but this
information had not been reported. The phased array used here was
expected to use less power for the same effectiveness and to be
particularly useful when the separation point varied with changes in
the flow conditions.
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